In this study a nonlocal, linear observation operator for assimilating radio occultation data is evaluated. The operator consists of modeling the excess phase, that is, integrating the refractivity along straight lines tangent to rays, below a certain height. The corresponding observable is the excess phase integrated through the Abel-retrieved refractivity, along the same lines, below the same height. The operator allows very simple implementation (computationally efficient) while accurately accounting for the horizontal refractivity gradients. This is due to significant cancellation of the linearization and discretization errors when modeling the observable. Evaluation of the operator with Challenging Minisatellite Payload (CHAMP) radio occultation data and grid refractivity fields from high-resolution regional analysis over the continental United States showed reduction of the observation error in the troposphere (below 7 km) 1.5-2 times, compared to the error of local refractivity. The operator is useful for the assimilation of radio occultation data by high-resolution weather models in the troposphere.
Introduction
Radio occultation (RO) remote sensing of the atmosphere, using Global Positioning System (GPS) and low earth orbiting (LEO) satellites, has the potential to become a valuable source of data for numerical weather prediction (NWP) and climate analysis in the future (Eyre 1994; Kursinski et al. 1997; Rocken et al. 1997; Anthes et al. 2000; Kuo et al. 2000) . For example, the Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC) of six satellites, scheduled for launch in late 2005, will provide about 2500 globally distributed soundings per day . Each RO sounding consists of profiles of the bending angle for the rays, traversing the neutral atmosphere, and the Abel-retrieved (AR) refractivity. The AR refractivity can be approximately assimilated as the local refractivity (which is related to pressure, temperature and humidity of air ; Thayer 1974) at the estimated tangent points (TP) of the rays. However, this approximation may result in significant errors in the presence of strong horizontal refractivity gradients (fronts, strong convection, etc.), especially for high-resolution NWP models. The errors introduced by the horizontal gradients were studied by Gurvich and Sokolovskiy (1985) , Gorbunov et al. (1996) , Kursinski et al. (1997) , Ahmad (1998), and Healy (2001) . Accurate modeling of RO observables by ray tracing is computationally expensive (Liu and Zou 2003; Gorbunov and Kornblueh 2003; Poli and Joiner 2004) . Alternative ap-proaches consist of using simplified nonlocal observation operators that provide sufficient accuracy and are computationally efficient (Poli 2004; Sokolovskiy et al. 2005; Syndergaard et al. 2003 Syndergaard et al. , 2005 .
In an earlier paper (Sokolovskiy et al. 2005) we introduced the nonlocal, linear, excess phase observation operator (i.e., refractivity integrated along straight lines, instead of rays, below the top of NWP model) and evaluated this operator by numerical simulations with a high-resolution (4 km) Weather Research and Forecasting (WRF) model. A significant reduction of the modeling errors, compared to modeling of the AR refractivity as the local refractivity, was demonstrated. In this study we evaluate the excess phase observation operator with real RO observations from the Challenging Minisatellite Payload (CHAMP) satellite (Wickert et al. 2001) , the 10-km WRF model (Michalakes et al. 2001) forecasts, and 40-km National Centers for Environmental Prediction (NCEP) operational Eta analysis (Rogers et al. 1996) interpolated to the 10-km WRF grid.
Section 2 gives an overview of the excess phase observation operator (this operator is described in more detail by Sokolovskiy et al. (2005) . Sections 3 and 4 give an overview of CHAMP RO data and WRF model grid fields used for evaluation of the observation operator. Section 5 presents the results of the evaluation. Finally, section 6 concludes the study.
The excess phase, linear observation operator
The idea behind simplified nonlocal observation operators is the use of relatively simple models of ray trajectories, which do not depend on the refractivity (Ahmad 1998) . Such operators are linear functions of the refractivity and the ray tracing is unnecessary. The linearization, by itself, may introduce significant error. However, when modeling of an observable includes two steps and the same linearization is applied at both steps, this results in considerable reduction of the linearization errors due to their partial cancellation.
Modeling of the new observable, the excess phase path S mod , consists of integration of the 3D NWP refractivity N mod (r) along straight lines tangent to rays at the estimated tangent points r tp below top height H top , as shown in Fig. 1 : Syndergaard et al. (2003) suggested to invert S mod (r tp ) on the assumption of spherical symmetry of refractivity, thus modeling the AR refractivity N ar (r) more accurately than it can be modeled by local refractivity. In our approach we do not invert the phase, S mod (r tp ), instead, we calculate its observation counterpart S obs (r tp ) by integrating the AR refractivity along the same straight lines below H top :
͑2͒
The new modeled variable (1) and its observation counterpart (2) approximately represent the true excess phase along the ray with a given TP and azimuth. Generally, the error of this approximation may be significant (due to ray bending), especially, in the troposphere. However, when the same approximation (straightline ray trajectories) is used in both (1) and (2), this results in substantial cancellation of the modeling errors when comparing (1) to (2). This was demonstrated by numerical simulations with high-resolution (4 km) WRF model by Sokolovskiy et al. (2005) .
It is important to apply exactly the same finitedifference representation for numerical calculation of integrals (1) lation of the errors related to discretization of the observation operator. Another important point is related to the fact that in general (and, especially, with the application of radioholographic inversion methods; Gorbunov 2002; Jensen et al. 2003) , RO provides higher vertical resolution than most NWP models. Thus, it is necessary to smooth N ar (r) with a variable window, in order to make its resolution consistent with the vertical resolution of NWP model N. Such smoothing (filtering) allows for the reduction of the errors associated with aliasing of the small-scale structures of N ar (r) into larger-scale vertical structures of N mod (r), when assimilating RO data (Kuo et al. , 2004 . The top height H top can be chosen arbitrarily relatively to the height of ray tangent point z tp ϭ r tp Ϫ r c , which is subject to the following considerations. The length of the straight line below H top must be sufficient for representing the effect of 3D N irregularities in the excess phase. Thus, H top Ϫ z tp Ն H at , where H at is the height of homogeneous atmosphere. Choosing H top Ϫ z tp too small would introduce the error similar to the error of interpretation of the N ar as the local N. On the other side, while the operators (1, 2) suppress highfrequency vertical harmonics of N (this is good for highfrequency noise filtering), they exaggerate lowfrequency harmonics (biases) proportionally to H top Ϫ z tp . Thus, H top Ϫ z tp must not be significantly larger than H at . We note, that suppression of high-frequency vertical harmonics, when calculating S from N, does not mean degrading RO observations since the original RO observable is the phase.
CHAMP radio occultation data
For this evaluation study we use the N ar (z) obtained from CHAMP RO data (Wickert et al. 2001) processed by the COSMIC Data Analysis and Archive Center (CDAAC; Rocken et al. 2000) . The CDAAC retrieval algorithms, described by Kuo et al. (2004) , use the full spectrum inversion (Jensen et al. 2003) in the troposphere and the Doppler inversion above. For this study we use the occultations over the continental United States. We select the occultations with low rms observation noise (Ͻ5 ϫ 10 Ϫ6 rad in bending angle), descending to z Ͻ km. For a single-case demonstration of the performance of the phase operator we use one occultation from June 2003. For statistical assessment of accuracy of the phase operator we use the occultations from March to April 2003. The spring period was chosen due to significant convective weather activity and strong horizontal N gradients in the troposphere. The selection resulted in 11 occultations listed in Table 1 . From each occultation we use N ar , latitude-longitude of TP and ray azimuth as functions of height z over geoid, and the local curvature radius of the reference ellipsoid, r c under estimated occultation point.
To minimize the errors related to aliasing (see section 2), we first linearly interpolate 1nN ar (r) to a dense vertical grid with constant spacing, then smooth by averaging with the window varying with height (consistent with the varying vertical resolution of the WRF grid) and interpolate N ar (r) to a WRF-averaged vertical grid (see section 4).
High-resolution regional analysis
The National Center for Atmospheric Research (NCAR) Mesoscale and Microscale Meteorology (MMM) Division has been running the WRF model (Michalakes et al. 2001 ) for real-time prediction over the continental United States for the past 4 yr. The initial condition for the WRF model is obtained by interpolating the NCEP operational Eta analysis (Rogers et al. 1996 ; 40-km horizontal resolution, 26 pressure levels with 25-or 50-mb intervals) to the WRF grid (10-km horizontal resolution, 34 sigma levels in vertical, vertical resolution varying from ϳ0.1 km at surface to ϳ1 km at 20-km height). In this study, we use both the We calculate N at the WRF model grid points, convert geopotential to geometric heights, and interpolate N to one vertical grid, obtained by averaging all vertical grids over the selected domain, by cubic splines. We note that the interpolation of N to a standard grid, generally, is not necessary and is used solely for simplifying calculations and comparisons of grid N profiles in this evaluation study.
For integration of N along straight lines we merge the 3D (latitude-longitude, height) grid N field on top of the sphere with the radius r c (taken from RO inversion) and use constant integration step (5 km) along the lines. In this study we set H top ϭ 15 km because the difference in the vertical resolution of WRF model and Eta analysis above 15 km results in certain interpolation errors (this restriction is not essential and is related to only this study). For calculation of N at an arbitrary point we apply linear interpolation in vertical and simple horizontal interpolation N ϭ ͚ c i N i , i ϭ 1, 2, 3, 4, where N i are the refractivities at four corner pixels and the coefficients c i are inverse proportional to distances to those pixels (͚ c i ϭ 1). Such interpolation is rather coarse, but small horizontal spacing and, most important, application of the same interpolation for (1) and (2) makes the result fairly insensitive to interpolation scheme.
Results
At first, we illustrate the performance of the nonlocal excess phase observation operator by use of one occultation that occurred over the region with strong horizontal along-track N gradient in the troposphere at 2036 UTC 18 June. For this occultation we use both the WRF forecast and the WRF/Eta analysis. Figure 2 shows the 2D refractivity field at 3.2-km height: 10-km WRF 9-h forecast started at 1200 UTC (Fig. 2a) and WRF/Eta analysis (Fig. 2b) , both valid at 2100 UTC 18 June. Location and azimuth of the occultation are shown by circle and solid line. The location corresponds to bottom height, but for modeling of the excess phase we use the individual location of TP at each height. Figure 3 shows the refractivity and the excess phase observation errors, ⌬N(r tp ) ϭ [N ar (r tp ) Ϫ N(r tp )]/N(r tp ) (thin line) and ⌬S(r tp ) ϭ [S obs (r tp ) Ϫ S mod (r tp )]/S(r tp ) (bold line) for the WRF forecast (Fig. 3a) and the WRF/Eta analysis (Fig. 3b) . Since the occultation is located in the "valley" of the refractivity, the local refractivity has significant negative error. This error is substantially reduced in the excess phase, in particular, due to accounting for horizontal along-track N gradients. The fractional reduction of the error is about the same for the forecast and the analysis. Dashed lines show the errors of the excess phase when it was calculated along straight lines not tangent to the rays, but artificially directed along the valley, as shown by dashed lines in Fig. 2 . This results in increase of the error by a factor of 1.5-2 below 6 km, thus illustrating the importance of accounting for the horizontal N gradients in the nonlocal observation operator. Table 1 shows times, TP locations (latitudelongitude) and ray azimuths for the 11 occultations from March to April 2003, and the corresponding times of the WRF/Eta analysis used for the evaluation. Figure  4 shows the results of statistical evaluation of the errors for the 11 selected occultations. Figure 4a shows the fractional standard deviation of the refractivity
/͗N͘, where ͗ ͘ denotes averaging over the ensemble (curve 1), the fractional mean error N ϭ ͗⌬N͘/͗N͘ (curve 2), and the fractional standard error
/͗⌬N͘ (curve 3). Similarly, Fig.  4b shows the fractional standard deviation ⌺ S (curve 1), the fractional mean s (curve 2), and the fractional standard error S (curve 3) of the excess phase. Figure  4c shows the number of occultations penetrating down to a given height. We note that the 95% confidence intervals for 6 events (between 2 and 4 km) and for 11 events (above 4 km) is 1.94 and 1.8 correspondingly, not significantly different from the confidence interval for an infinite number of events, 1.65 (Martin 1971) . Thus, we consider the results statistically significant at 95% confidence level. As seen from Figs. 4a,b, generally, S Ͻ N . This fact by itself, without separate estimation of the measurement, modeling, and representativeness errors that compose the observation error (we adhere to the error definition introduced in earlier paper by Sokolovskiy et al. 2005) , does not provide sufficient evidence of the advantage of the S operator over the local N. In this study such evidence is provided by reduction of the observation error not only in fraction of the mean observable, but, also, in fraction of its standard deviation. The standard deviation of an observable can be considered as an estimate of the magnitude of the weather-induced atmospheric variability projected into the observation space. The fact that not only S / N Ͻ 1 but, also, ( S /⌺ S )/( N /⌺ N ) Ͻ 1, means that the atmospheric variability can be represented better, that is, with smaller observation error, by use of S than of the local N, regardless of partitioning of the observation error into the measurement, modeling, and rep- 
OCTOBER 2005 N O T E S A N D C O R R E S P O N D E N C E
resentativeness errors (i.e., independent estimation of their magnitudes). This indicates that the use of the nonlocal linear excess phase observation operator is advantageous in the troposphere (cf. local refractivity). As seen from Figs. 4a,b, there is a region of large fractional variability of N and S (larger than in the troposphere), at ϳ12-km height. Apparently, this is caused by variations of the height of tropopause. But since the moisture is low at that height, the horizontal N gradients, caused mainly by density gradients, are low. As a result, the errors of local refractivity are small and the use of nonlocal observation operators in this region is not so advantageous as in the troposphere.
Conclusions
The excess phase observation operator for assimilating RO data is a simple nonlocal, linear (with respect to refractivity) operator, which accounts for horizontal refractivity gradients. Despite its simplicity, this operator results in significant reduction of the observation errors in the troposphere, compared to local refractivity. It is important to use the same discretization, when modeling the excess phase from 1D RO AR refractivity and from 3D NWP refractivity. This allows for substantial cancellation of the modeling errors, by not requiring application of highly accurate and complicated interpolation schemes, and thus making the observation operator fairly simple for practical implementation and computationally efficient. It is also important to make the vertical resolution of RO observations and NWP model consistent (generally, by smoothing RO refractivity).
This allows for minimization of the errors related to aliasing.
Evaluation of the linear excess phase observation operator with CHAMP RO data and high-resolution WRF model forecast and WRF/Eta regional analysis over the continental United States for the June 2003 case demonstrated the importance of accounting for the horizontal refractivity gradients along the ray, which are not accounted for by the local refractivity observation operator. Statistical evaluation by use of 11 GPS RO soundings selected during the period of MarchApril 2003 demonstrated reduction of the observation error of the excess phase compared to the error of local refractivity in the troposphere, below 7 km. The reduction of the observation error in fraction of the mean observable is ϳ2 times, and in fraction of the standard deviation of the observable it is ϳ1.5 times.
These results indicate that the use of the nonlocal excess phase observation operator is advantageous for high-resolution (horizontal resolution Ͻ100 km) mesoscale NWP models in the troposphere, where there are significant refractivity gradients. Above the troposphere, due to low moisture and smaller horizontal refractivity gradients, the use of the excess phase does not result in significant error reduction compared to local refractivity. 
